In this work, amphiphilic polyethylene glycol-block-polysulfone-block-polyethylene glycol (PEG-b-PSF-b-PEG) was used as a membrane support to fabricate a high-performance thin-film composite (TFC) forward osmosis (FO) membrane. A facile post-annealing approach was developed to simultaneously improve the water permeability and antifouling property of the TFC membrane having the PEG-b-PSF-b-PEG support without sacrificing its selectivity. The experimental results illustrate that a highly crosslinked polyamide with low reverse salt flux could be formed on the PEG-b-PSF-b-PEG support, and the post-annealing treatment could tailor the membrane structure and properties of the PEG-b-PSF-b-PEG support to decrease its structure parameter without affecting the polyamide. The annealed TFC membrane exhibited excellent permeability-selectivity, with a high A/B ratio of 19.6 bar −1 (water permeability coefficient A of 1.76 LMH·bar −1 and NaCl permeability coefficient B of 0.09 LMH). The static and dynamic antifouling performances of the annealed TFC membrane were also demonstrated, finding that little bovine serum albumin (BSA) was adsorbed on the PEG-b-PSF-b-PEG support surface, and a reduced water flux decline and a high water recovery were achieved compared with those of the control sample. Our work demonstrates that the amphiphilic PEG-b-PSF-b-PEG membrane can work as an ideal TFC support to break the permeability-selectivity trade-off of the TFC FO membrane and to improve its antifouling properties through post-annealing treatment.
Introduction
Freshwater shortage and the clean energy crisis are becoming the most important global challenges with increasing population growth, accelerating urbanization, and worsening climate change 1, 2 . Advanced technologies are urgently needed to economically produce eco-friendly freshwater and clean energy. Recently, forward osmosis (FO) has been developed as an advanced membrane technology for desalination, wastewater reclamation, power generation, etc. FO has been extensively investigated as an easy-operation and low-fouling membrane process to introduce spontaneous water transport under an osmotic-pressure driving force across a semipermeable membrane 3, 4 . High-performance semipermeable membranes play a key role in the FO process, and thin-filmcomposite (TFC) polyamide membranes are the state-ofthe-art choice for current FO membranes having great water permeability and salt rejection 2, 5 . TFC polyamide membranes possess a highly crosslinked polyamide active layer formed through interfacial polymerization on top of a polymeric ultrafiltration (UF) membrane support 5 . Different from other reverse osmosis and nanofiltration membranes, not only the polyamide active layer but also the microporous support determine the water permeability of FO membranes due to the internal concentration polarization (ICP) effect of the support 6, 7 . The water flux and salt rejection of TFC FO membranes have great potential to be further improved through optimization of the structure and properties of the porous support 8 . Previous studies have identified that the ideal ICPsuppressed support of a TFC FO membrane should have minimal thickness and tortuosity and a high porosity to provide a short path for drawing solute, and its material chemistry should have suitable intrinsic hydrophilicity, mechanical strength, and chemical stability 9, 10 . Thus, many efforts have been devoted to fabricating such a support layer to reduce ICP in TFC FO membranes, including optimizing the phase inversion process to make a finger-like pore structure with large surface pores 5, 11 , blending nanomaterials into a polymeric casting solution to improve the highly porous structure with a high surface hydrophilicity, and modifying the support layer with hydrophilic materials to enhance water transport [12] [13] [14] . The water flux of fabricated TFC membranes is thereby increased through the use of such modified supports. However, the fabricated TFC membranes significantly lose their salt rejection and selectivity 9, 15 . This drawback occurs because the large surface pores and hydrophilic surfaces of the support are not beneficial to forming a highly crosslinked polyamide with great salt rejection through the fast interfacial polymerization of two highly reactive molecules, m-phenylenediamine (MPD) and trimesoyl chloride (TMC) 16, 17 . Thus, enormous challenges to fabricating high-performance TFC FO membranes with a high water flux and great salt rejection through the formation of a highly permeable and selective polyamide layer on the ICP-suppressed porous support persist 16, 18 . Therefore, it is highly desirable to fabricate an ideal support that has a favorable surface to form the permeable and selective polyamide layer through interfacial polymerization and to tailor the membrane structure and properties to minimize the structure parameter S and reduce ICP. An amphiphilic polysulfone-based block copolymer (polyethylene glycol-b-polysulfone-bpolyethylene glycol, PEG-b-PSF-b-PEG) may contain great potential in the fabrication of such an ideal TFC support. Our previous work has found that this polysulfone-based block copolymer could be used to cast a UF membrane having similar surface properties as those of the polysulfone (PSF) UF membrane. Such a material may provide a favorable support surface for the formation of highly crosslinked polyamide with great salt rejection 19 , as the PSF UF membrane has been well demonstrated as a TFC support for the formation of highly selective polyamide with more than 98% NaCl rejection 11, 20 . Importantly, the surface properties and membrane structure of the block copolymer UF membrane could be finely tailored by the self-assembly of block copolymers through the post-annealing process 21 . Consequently, the membrane surface hydrophilicity and water permeability of the annealed block copolymer UF membrane were greatly improved 19 , indicating a significant decrease in the water transport resistance of the block copolymer UF membrane with a low structure parameter S due to the annealing. However, to date, no work has been performed to cast this polysulfone-based block copolymer UF membrane as a support to fabricate a high-performance TFC FO membrane.
Herein, we are the first to use this amphiphilic polysulfone-based block copolymer (PEG-b-PSF-b-PEG) to cast a support for the fabrication of a high-performance TFC FO membrane. We prepared the block copolymer membrane support via the nonsolvent-induced phase separation (NIPS) method and utilized the interfacial polymerization of MPD and TMC to form the polyamide selective layer on top of the block copolymer membrane support. An annealing treatment was performed to tailor the structure and properties of the polysulfone-based block copolymer membrane support and the TFC polyamide membrane. The surface morphology and structural and transport properties of both the block copolymer membrane support and the formed polyamide were characterized before and after the annealing treatment. Then, the impacts of the annealing treatment on the block copolymer membrane support and the formation of polyamide were discussed. Finally, bovine serum albumin (BSA) was used as a protein foulant model to investigate the static and dynamic BSA fouling performance of the TFC FO membrane, with the block copolymer membrane support facing the protein-containing feed solution. We thus provide critical insights on selecting block copolymer membrane materials as the TFC membrane support and investigating the impact of the block copolymer membrane support on the formation of polyamide.
Materials and methods

Materials and chemicals
Polysulfone Udel P-3500 (PSF, M n : 22,000 Da) was purchased from Solvay Advanced Polymers (Alpharetta, GA, USA). The polysulfone-based block copolymer (polyethylene glycol-b-polysulfone-block-polyethylene glycol, simplified as PEG-b-PSF-b-PEG, M n : 16,000 Da, PDI: 2.05, PEG: 35.5 wt%) was synthesized and characterized following our previous report 19 . 1,3-Phenylenediamine (MPD, >99%), 1,3,5-benzenetricarbonyl trichloride (TMC, 98%), and N-methyl-2-pyrrolidone (NMP, 99.5%) were obtained from Sigma-Aldrich (USA). N-hexane and sodium chloride (NaCl) were purchased from Sinopharm Chemical Reagent (China). All chemicals were used as received.
Fabrication of TFC FO membranes
The TFC FO membranes were fabricated through two steps following the reported protocol 5 , which includes the preparation of the porous polymeric support via the NIPS method and the fabrication of the polyamide selective layer via interfacial polymerization. First, 12 wt% homogenous casting solutions of PSF or PEG-b-PSF-b-PEG were prepared in NMP and then degassed overnight. A steel casting knife (Tianjin HongJuLi Experimental Equipment Factory, China) with a 150 μm gate height was used to cast the PSF or PEG-b-PSF-b-PEG solution onto the PET nonwoven fabric prewetted with NMP. Upon immediate immersion in a water coagulation bath for 10 min at room temperature, a white PSF or PEG-b-PSFb-PEG membrane formed and was transferred to deionized (DI) water for storage. All the resulting support membranes were stored in DI water before interfacial polymerization. To form the polyamide active layer on the support membrane (including the PSF, pristine block copolymer, and annealed block copolymer supports), the top selective surface of the wet support membrane was immersed in an MPD aqueous solution (3.4 wt%) for 2 min. After removing the excess MPD with a rubber roller, the MPD-containing support was soaked in a TMC hexane solution (0.15 wt%) for 60 s to form the polyamide active layer, followed by curing in DI water at 95°C for 120 s. Three different types of TFC FO membranes were fabricated, as illustrated in Scheme 1. The TFC FO membrane with the PSF support was used as a control sample.
Post-annealing treatment of membranes
The prepared membranes were heated in a water bath at 90°C for 16 h following our reported procedure 19 ; the membranes were PSF or block copolymer membrane supports or TFC polyamide membranes with PSF or block copolymer supports. All membranes were stored in 4°C DI water before use or characterization.
Characterization of TFC FO membrane
The surface and cross-sectional morphologies of the polymeric support and TFC FO membranes were observed by scanning electron microscopy (SEM, Hitachi S-4800, Japan). Liquid nitrogen was used to crack the membranes to observe the cross-sectional structure. Before observation, all samples were dried in a vacuum oven (40°C, 12 h) and coated with platinum (Pt) (120 s) using an EMITECH SC7620 sputtering machine. The software Nano Measure was employed to measure the pore size of the support surface and the thickness of the dense skin layer. Each datum was reported as the average value of three parallel specimens.
The water contact angle of membrane surfaces was measured using a Data Physics optical instrument (OCA20, Germany) equipped with the Drop Shape Analysis software (SCA20 Version 2). Upon dispensing 2 μL of a DI water droplet on the membrane surface for 60 s, the shape of the water droplet was recorded, and the contact angle was thus calculated. Each datum was an average value of three individual parallel samples.
The roughness of the polyamide surface of the TFC FO membranes was measured by atomic force microscopy (AFM, Veeco/Digital Instruments, Santa Barbara, CA). NanoScope software version 8.10 and NanoScope Analysis software version 1.10 were used for image collection and data analysis.
X-ray photoelectron spectroscopy (XPS, Thermo EscaLab 250Xi, USA) with a monochromatic Al Kα source from Thermo Fisher Scientific was used to examine the elemental compositions of the polymeric support surface and the polyamide surface of the TFC membranes. The photoelectron take-off angle was 60°, and the full range of data was collected by a survey scan from 200 to 1200 eV with a step size of 1 eV. The crosslinking degree of the polyamide selective layer was calculated according to the O/N element ratio 16 (1) and (2) 22 .
Transport property measurements of TFC FO membrane
The water flux and the salt reverse flux of the TFC FO membranes were measured using a laboratory-scale cross-flow FO system equipped with a flat-sheet membrane cell with a 38.52 cm 2 effective membrane area 23 . DI water (2 L) and a 2 L NaCl solution (0.5-2.0 M) were used as the feed and draw solutions, respectively. The FO test ran at 25 ± 1°C with a 0.5 L/min cross-flow rate for both feed and draw solutions. The membranes were evaluated under both AL-DS (active layer facing the draw solution) and AL-FS (active layer facing the feed solution) orientations. The water flux was measured as the water weight gain of the draw side using a digital balance (ME3002, Mettler-Toledo, Switzerland), and the reverse salt flux was measured as the salt weight gain of the feed side using a conductivity meter (CON2700, Eutech, USA).
The water permeability coefficient (A), salt permeability coefficient (B), and structural parameter (S) of different TFC FO membranes were determined in the abovementioned FO system according to the reported protocol 24 . The detailed experimental procedures are given in the Supporting Information.
Static and dynamic antifouling evaluations of the TFC FO membranes
BSA was chosen as a representative protein foulant to investigate the antifouling performance of the control TFC(PSF) and annealed TFC(PEG-b-PSF-b-PEG) membranes. An Olympus confocal laser scanning microscope (CLSM, Fluo View FV1000, Japan) was used to observe the adsorption of fluorescein isothiocyanate (FITC)-labeled BSA, which was prepared according to the reported protocol 25 , on the support layers of the TFC membranes. The TFC(PSF) and annealed TFC(PEG-b-PSF-b-PEG) membranes were soaked and incubated in 0.5 mg mL −1 FITC-labeled BSA/PBS solution for 2 h. Subsequently, all the membranes were gently rinsed thrice with PBS solution and DI water. Then, fluorescent photographs of the samples were taken with an excitation filter of 488 nm and an emission filter of 519 nm using the CLSM.
Following our previous study, the dynamic fouling experiments were carried out in the abovementioned crossflow FO setup with BSA as the model protein foulant 26 . The annealed TFC(PEG-b-PSF-b-PEG) and control TFC(PSF) membranes were oriented in the AL-DS mode. Simulated river water (0.4 mM NaCl, 0.2 mM NaHCO 3 , 0.3 mM CaCl 2 , and 150 mg/L BSA) was used as a feed solution, and the concentration of the NaCl draw solution was tailored to obtain an initial water flux of the TFC FO membrane of approximately 20 LMH. Quantitative analysis of the foulants was performed by measuring the total protein extracted from the membrane surface using the reported BCA method 27 .
Results and discussion
Post-annealing treatment improves the filtration performances and surface properties of the block copolymer UF membrane support
In our previous work 19 , the amphiphilic polysulfonebased block copolymer was used to fabricate a porous UF membrane with an asymmetric structure having an ultrathin sponge-like skin layer on top of a finger-like pore matrix through the NIPS method. This membrane exhibited very similar surface properties to those of the traditional PSF UF membrane being widely used as the TFC polyamide membrane support. Importantly, the membrane surface properties, including the surface hydrophilicity, surface pore size, surface porosity, and surface roughness, could be finely tailored through the directed self-assembly of PSF blocks and PEG blocks via solvothermal annealing treatment in hot water (90°C, 16 h) 19 . In this work, a 150 μm thick block copolymer UF membrane was casted on nonwoven PET fabric as a backing support with potentially reduced ICP effect and strengthened mechanical strength. The mean surface pore size of the block copolymer membrane casted on the PET fabric obviously increased from 20 ± 1 to 26 ± 3 nm upon the post-annealing treatment, as shown in Fig. 1 and Table 1 ; these values were significantly larger than the corresponding values of 12 and 16 nm for the block copolymer membrane casted on the glass before and after the annealing treatment 19 . This result illustrates that the nonwoven PET backing support can prevent the surface pore shrinkage of the block copolymer membrane, a reported phenomenon 28 . In addition, the block copolymer membrane surface porosity was measured based on the SEM images of membrane surface morphologies shown in Fig. 1 , and the pristine block copolymer UF membrane has a surface porosity of 7.5 ± 1.2%, very close to the value of 6.8 ± 1.4% for the PSF control membrane. The annealing process dramatically increased the surface porosity of the annealed block copolymer membrane to 14.4 ± 3.3%, as well as its membrane porosity to 80.4 ± 2.7%; these values are substantially higher than those of the reported polymeric UF membranes fabricated through the phase inversion method [29] [30] [31] . As a control, there was no apparent change in the PSF UF membrane upon annealing treatment.
The membrane filtration properties were measured, finding that the pure water flux of the annealed block copolymer UF membrane was 1582 ± 63 LMH/bar, significantly higher than the value of 1231 LMH/bar reported in our previous work 19 owing to the decreased mass transport resistance from the thinner membrane thickness and larger pore size. Furthermore, the annealed block copolymer UF membrane exhibited an increased water flux compared with the pristine block copolymer membrane and PSF control membrane, benefiting from the augmented pore size and porosity along with the obvious decrease in the skin layer thickness, as shown in Table 1 . More importantly, the annealed block copolymer membrane also presented a dramatically decreased water contact angle of 12.1 ± 5.1°compared with the values of 78.4 ± 2.7°for the pristine block copolymer UF membrane and 85.1 ± 3.2°for the pristine PSF membrane 32 . This observation further confirms the improved surface hydrophilicity from the PEG surface enrichment upon the directed self-assembly of the polysulfone-based block copolymer via the post-annealing treatment (Table 1 and Figure S2 ). Additionally, the great advantage of this amphiphilic polysulfone-based block copolymer was in casting a membrane having a strong mechanical strength (5.56 ± 0.53 MPa, very close to that of the polysulfone membrane) compared with that of other polystyrenebased block copolymers (2-3 MPa) for the UF membrane fabrication 33, 34 . The salt diffusion coefficient of the block copolymer membrane was measured to illustrate its performance in accelerating salt diffusion through the membrane and thus investigate its potential in reducing the ICP of the TFC FO membrane when used as the support. As shown in Table 1 , the annealed block copolymer UF membrane presented a distinctive increase of its salt diffusion coefficient by 24% to 0.62 mmol L −1 min −1 , in comparison with the value of 0.50 mmol L −1 min −1 for the pristine block copolymer membrane. In contrast, the salt diffusion coefficient of the PSF membrane was only 0.28 mmol L −1 min −1 due to its low porosity and low water permeability. All these findings illustrate that the post-annealing treatment can finely tailor the surface pore size, surface porosity, and surface hydrophilicity to yield accelerated salt diffusion of the block copolymer membrane support, which has great potential for use as the support of TFC FO membranes with reduced ICP.
Surface properties of the block copolymer UF membrane support affect the formation of the polyamide layer via interfacial polymerization
The polyamide active layer was formed on the block copolymer membrane support to fabricate a TFC FO membrane through the interfacial polarization of MPD and TMC, and rich characteristic "lotus-like" features were observed on the polyamide surface, as shown in Fig. 2 and Figure S5 , similar to the polyamide formed on the PSF membrane support. Interestingly, with the resulting small surface area of the polyamide formed on the annealed block copolymer membrane support, the lotus leaf size was obviously smaller and the lotus height shorter than those of the polyamide formed on the pristine block copolymer membrane support and the PSF membrane support. Moreover, the surface roughness (R a ) of the polyamide formed on the annealed block copolymer membrane support was 61 ± 15 nm, substantially lower than the values of 86 ± 7 and 93 ± 9 nm for the polyamide layers formed on the pristine block copolymer and PSF membrane supports, respectively. X-ray photoelectron spectrometry (XPS) was employed to further characterize the surface elemental compositions and thus the crosslinking degree of the polyamide layers formed on different membrane supports. The results shown in Table 2 reveal that the polyamide formed on the annealed block copolymer membrane support had a linear structure with a very low crosslinking degree of approximately 0.1, significantly lower than the value of 0.5 for the polyamide layers formed on the pristine block copolymer and PSF membrane supports. Therefore, it can be concluded that the surface properties of the annealed block copolymer membrane support significantly affected the formation of the polyamide, and its hydrophilic surface with large surface pore size was favorable to forming a linear polyamide structure with a very low crosslinking degree and a small surface area. The low crosslinking degree and low selectivity of the polyamide formed on the annealed PEG-b-PSF-b-PEG support can be explained by a conceptual model of the polyamide formation mechanism, as proposed by Hoek 16 . The physicochemical properties of the support affect the distribution of MPD in the support, the diffusion of MPD from the support surface to the organic phase and thus the reaction with TMC. The annealed PEG-b-PSF-b-PEG support is hydrophilic with the PEG surface enrichment, and the diffusion of MPD is slowed down because of the favorable interaction of MPD with the polar groups of the PEG block. Then, the reactivity of low concentration MPD with TMC decreases, which leads to the formation of polyamide with a low crosslinking degree and low selectivity 22, 35, 36 . Noticeably, the polyamide formed on the pristine block copolymer membrane support exhibited high crosslinking degree and surface roughness similar to that formed on the PSF membrane support owing to the similar surface properties of the pristine block copolymer and the PSF membrane supports, including the surface pore size, surface porosity, surface hydrophobicity, and surface roughness, as shown in Table 1 . The permeability and selectivity of the fabricated TFC polyamide membranes with different supports were measured to investigate their transport properties. Their water permeability coefficient (A) and salt permeability coefficient (B) were tested on a lab-scale FO cross-flow set-up. Figure 3a illustrates that the TFC polyamide membrane with the annealed block copolymer membrane support had an A value of 1.22 ± 0.04 LMH/bar, close to the values of 1.11 ± 0.21 and 1.32 ± 0.11 LMH/bar for the TFC polyamide membranes with the pristine block copolymer and PSF supports, respectively, indicating their similar water permeabilities. However, the TFC polyamide membrane with the annealed block copolymer support had a very high B value of 0.29 ± 0.05 LMH owing to the very low crosslinking degree of the formed polyamide, a two-fold increase compared with the values of 0.13 ± 0.04 and 0.11 ± 0.02 LMH for the TFC polyamide membranes having the pristine block copolymer and PSF supports, correspondingly. Moreover, the reverse salt flux of the TFC FO membranes were tested to further confirm that the polyamide formed on the annealed block copolymer membrane support had a very poor salt rejection of 7.8 gMH as its reverse salt flux (Fig. 3b) , significantly higher than the values of 1.3 and 4.0 gMH for those formed on the pristine block copolymer and PSF membrane supports.
Next, the structure parameter S of the TFC polyamide membrane, which represents the water transport length across the support as a direct indicator of the ICP and reflects the effect of the TFC support on the performance of the FO membrane, was studied. As expected, the annealed block copolymer membrane support was found to decrease the structure parameter S of the TFC membrane to 412 ± 15 nm (Fig. 3a) , compared with the values of 453 ± 23 and 421 ± 34 nm obtained with the corresponding TFC supports of the pristine block copolymer membrane and the PSF membrane. The water flux is a key parameter of the FO membrane performance in real applications, representing the sum of contributions from A, B, and S. The TFC FO membranes with the pristine block copolymer membrane support and the PSF membrane support control presented similar high water fluxes of~30 LMH and low reverse salt fluxes less than 4 gMH. With the annealed block copolymer support, the water flux of the TFC FO membrane slightly increased to 35.4 LMH owing to the reduced ICP from the smaller S, while its reverse salt flux was as high as 7.8 gMH due to its high B (Fig. 3b) .
Therefore, all of these results illuminate that the annealed block copolymer membrane did not facilitate the formation of the highly selective polyamide as well as the pristine block copolymer membrane did but showed great potential in reducing the structure parameter S and ICP of the TFC FO membrane.
Post-annealing treatment breaks the permeability-selectivity trade-off of the TFC FO membrane having the block copolymer UF membrane support Learning from the aforementioned results, we first fabricated the TFC FO membrane by synthesizing a highly selective polyamide on the pristine block copolymer membrane support, followed by the post-annealing treatment to tailor the structure and properties of the block copolymer membrane support to reduce S and ICP. To distinguish it from the FO membrane with the annealed block copolymer membrane support, labeled as the TFC(annealed PEG-b-PSF-b-PEG), we named this FO membrane the annealed TFC(PEG-b-PSF-b-PEG) since the TFC FO membrane with the block copolymer membrane support was fabricated first and then annealed. Interestingly, the post-annealing treatment significantly improved the water permeability coefficient A of the annealed TFC(PEG-b-PSF-b-PEG) membrane to 1.76 LMH/bar (Fig. 4a) , an increase of 58% over that of the TFC membrane without annealing, but did not affect the membrane selectivity, having a very low salt permeability coefficient B of 0.09 LMH, close to the values of 0.13 and 0.11 LMH for the TFC(PEG-b-PSF-b-PEG) and TFC(PSF) membranes. The XPS results confirmed that the annealing treatment did not change the crosslinking density of the polyamide through heating in water at 90°C for 16 h, as shown in Fig. 4b and Table S1 . Moreover, the postannealing treatment dramatically decreased the S of the TFC membrane with the block copolymer membrane support to 370 ± 37 nm, an 18% decrease compared with that of the TFC membrane without annealing. As a control, the annealing treatment did not change the A, B, or S of the TFC FO membrane with the PSF support, as shown in Table S2 and Table S3 . The post-annealing treatment did not change the structure or property of the polyamide in the TFC FO membranes ( Figure S3 ) but did improve the support properties of the block copolymer membrane, with increased hydrophilicity and accelerated salt diffusion as discussed previously, benefiting from the directed self-assembly behavior of the polysulfone-based block copolymer membrane materials ( Figure S4) . Therefore, it can be concluded that the post-annealing approach we developed can improve the water permeability of the TFC FO membrane having the polysulfone- based block copolymer membrane support without sacrificing its selectivity. Compared with the reported properties of numerous TFC FO membranes, our TFC membrane with the block copolymer support presented a superior performance with the highest A/B ratio of 19.6 bar −1 after the annealing treatment, significantly higher than the reported best value of 13.75 bar −1 (Fig. 4c) 14 . Because of the high permeability and selectivity with a low structure parameter S, the annealed TFC FO membrane with the block copolymer membrane support achieved a very high water flux of 60 LMH for the AL-DS orientation, very close to the reported highest value of 63 LMH for the TFC polyamide membrane having an electrospun nanofibrous support under similar conditions using 2.0 M NaCl as a draw solution 8 . The TFC FO membrane with the electrospun nanofibrous support generally had a very high reverse salt flux and a high B value, along with low mechanical strength 8, 37, 38 , which brings difficulties to real applications.
Moreover, the water flux of the annealed TFC(PEG-b-PSF-b-PEG) membrane increased significantly as the concentration of the draw solution (NaCl) increased from 0.5 to 3.0 M (Fig. 5a, b) , and its flux increase rate was substantially higher than that of the TFC(PSF) control membrane. The water flux ratio (J w,AL-FS /J w,AL-DS ) for the two orientations of active layer facing the feed solution (AL-FS) and active layer facing the draw solution (AL-DS) is another indicator of ICP. A higher water flux ratio indicates a lower ICP due to a severe diffusive barrier in the tortuous polymeric support. Excitingly, the annealed TFC(PEG-b-PSF-b-PEG) membrane possessed a J w,AL-FS /J w,AL-DS in the range of 0.64-0.68 for various draw concentrations, which was considerably higher than that of the reported TFC membrane in the range of 0.39-0.48 14, 39, 40 . This result suggests the ICP was significantly suppressed by the block copolymer support in comparison with the PSF support. Long-term stability tests (Fig. 5c, d) As shown in Figure S6a , in the AL-FS mode, the reverse salt fluxes of the annealed TFC(PEG-b-PSF-b-PEG) and TFC(PSF) were very close when a low NaCl concentration solution (0.5-2.0 M) was used as the draw solution. With increasing NaCl draw solution concentration from 2.5 to 3.0 M, the reverse salt flux value increased at a higher rate for the TFC(PSF) membrane than for the annealed TFC (PEG-b-PSF-b-PEG) membrane. This trend is more apparent when operated in the AL-DS mode ( Figure S6b ). These two different membranes presented similar low reverse salt fluxes under a relatively low NaCl draw concentration from 0.5 to 1.0 M, but the reverse salt flux of the TFC(PSF) membrane increased more rapidly than that of the annealed TFC(PEG-b-PSF-b-PEG) membrane as the NaCl concentration of the draw solution increased from 1.5 to 3.0 M.
Moreover, for a long-term test, the annealed TFC (PEG-b-PSF-b-PEG) membrane presented a slightly lower reverse salt flux than the control TFC(PSF) membrane ( Figure S6c, d) , under the operation conditions of maintaining the same initial flux or using the same 1 M NaCl draw solution. These results indicate that the annealed TFC(PEG-b-PSF-b-PEG) membrane performed significantly better in terms of both water permeability and salt selectivity than the control TFC (PSF) membrane. The antifouling performance of the annealed TFC FO membrane having the block copolymer UF membrane support Because the post-annealing treatment improved the PEG surface enrichment and surface hydrophilicity of the polysulfone-based block copolymer membrane support of the TFC polyamide membrane ( Figure S7 ), it may improve the membrane antifouling performance when the block copolymer membrane support faces the feed solution. Protein adsorption experiments were conducted to determine the antifouling performance of the block copolymer membrane support of the annealed TFC polyamide membrane. FITC-labeled BSA was used as the model protein foulant 41 . After a 2 h incubation of the FITC-labeled BSA and the block copolymer membrane support of the annealed TFC polyamide membrane and 3 times thorough cleaning, confocal laser scanning microscopy was used to observe the residual BSA absorbed on the membrane surface. Figure 6a , b shows that a significantly reduced green fluorescence from the FITC-labeled BSA was observed on the support of the annealed TFC(PEG-b-PSF-b-PEG) membrane compared with that on the control TFC(PSF) membrane, indicating that the annealed block copolymer membrane support had improved antifouling properties by preventing the adsorption of BSA. Furthermore, dynamic protein fouling experiments were performed in the crossflow FO unit. As shown in Fig. 6c , for the annealed TFC (PEG-b-PSF-b-PEG) membrane, after 24 h of operation, the percentage of membrane water flux decline due to protein fouling was 39.1% of the initial water flux, significantly lower than the value of 52.4% for the control TFC(PSF) membrane. Osmotic backwash was then performed to clean the BSA-fouled membrane and recover the water flux. The results reveal that an 80.6% water flux recovery was achieved for the annealed TFC(PEG-b-PSF-b-PEG) membrane, substantially higher than the value of 63.9% for the control TFC(PSF) membrane. Quantitative analysis of the absorbed protein on the support surface of the TFC polyamide membrane revealed that 283 ± 80 and 83 ± 14 μg/cm 2 of the total protein were accumulated on the annealed TFC(PEG-b-PSF-b-PEG) membrane during the fouling and cleaning processes, significantly lower than the values of 713 ± 155 and 375 ± 81 μg/cm 2 for the control TFC(PSF) membrane (Fig. 6d) . Altogether, these results indicate that the decreased protein absorption on the support surface is mainly responsible for the reduced water flux decline of the annealed TFC(PEG-b-PSF-b-PEG) membrane under dynamic protein fouling conditions. 
Conclusions
In this work, we used an amphiphilic polysulfone-based block copolymer (PEG-b-PSF-b-PEG) membrane as the support to fabricate a high-performance TFC FO membrane and developed a facile post-annealing approach to simultaneously improve the water permeability and antifouling property of the TFC FO membrane without sacrificing its selectivity. Our results show that the pristine block copolymer membrane support provided a favorable surface to form a highly crosslinked polyamide with a very low reverse salt flux. The post-annealing treatment tailored the membrane structure and surface properties of the block copolymer membrane support to improve the water flux of the fabricated TFC FO membrane and to decrease its structure parameter S by taking advantage of the self-assembly behavior of the block copolymer . Excitingly, the membrane also achieved a very high water flux of 60 LMH and a very low reverse salt flux of 4 gMH in the AL-DS mode of the FO process. Moreover, the membrane presented a high J w,AL-FS /J w,AL-DS in the range of 0.64-0.68 for various draw solution concentrations, considerably higher than that of the reported TFC FO membrane in the range of 0.39-0.48, suggesting suppressed ICP. Our research therefore develops the distinctive block copolymer membrane material PEG-b-PSF-b-PEG to fabricate the TFC membrane support, provides experimental evidence to identify the impact of the support on the formation of polyamide, and demonstrates a facile postannealing treatment to break the permeability-selectivity trade-off of the TFC FO membrane and enhance its antifouling properties. It is worth mentioning that the PEG-b-PSF-b-PEG block copolymer can also be used to cast membrane supports for the fabrication of TFC polyamide membranes working as a reverse osmosis (RO) membrane and a nanofiltration (NF) membrane. 
